ABCG1 encodes a transporter protein that may be involved in the cellular uptake of tryptophan. Tryptophan is the precursor for serotonin, which is implicated in the regulation of mood. The gene maps to chromosome 21q22.3, a region implicated in bipolar disorder I (BPI) in genetic linkage studies. ABCG1 is thus a suitable candidate gene for study in BP1. We screened all 15 exons and 700 bases of the 5Ј flanking region of ABCG1 for mutations, using Denaturing High Performance Liquid Chromatography (DHPLC). A total of 13 single nucleotide polymorphisms (SNPs) were identified. Ten of the SNPs were intronic, two lie within the 5Ј flanking region and one within the 3Ј UTR. We identified a GCC repeat within Exon 1 and two novel intronic VNTRs. Eight of the SNPs, the two VNTRs, the GCC repeat and two known microsatellite markers within the gene were tested for association with BP1 in a sample of 110 parent-offspring trios using the Extended Transmission Disequilibrium Test (ETDT). No alleles or haplotypes were significantly preferentially transmitted from parents to affected offspring. However, the trend for preferential transmission of markers in the 3ЈUTR is in the same direction as in a previous report for association with mood and panic disorders and therefore warrants attempts at replication. Marker-to-marker linkage disequilibrium (LD) showed that strong LD was present over relatively short distances of up to 20 kb and was present for SNPs as well as for polymorphic repeats. The polymorphisms identified in this study will be useful in examining the role of this gene in other neuropsychiatric disorders and behavioural traits. Molecular Psychiatry (2001) 6, 671-677.
Introduction
The human ATP-binding cassette (ABC) transporter G1 (ABCG1, synonyms: ABC8, human white gene) encodes a half-size transporter protein consisting of six transmembrane spanning domains. The homologue of human white in Drosophila dimerises with the products of the related genes, brown and scarlet to form functional transporters for the eye pigment precursors, guanine and tryptophan respectively. 1 The Drosophila white gene is also involved in cellular uptake of tryptophan in Malphigian (proximal) tubule cells, where tryptophan derived from white-dependent transport is believed to enter intracellular pools of tryptophan that are distinct from those used for protein synthesis. 2 The high homology of ABCG1 to the Drosophila white gene suggests that it may also encode a tryptophan transporter, although the function of the mammalian gene remains unproven. Tryptophan transport into sero-tonergic neurones may be an important regulatory step for serotonergic neurotransmission. Studies of hypothalamic slices in rats indicate that extracellular serotonin levels under both basal and stimulated conditions (ie electrically evoked release of serotonin) are dependent on tryptophan availability. 3 Furthermore, in vivo studies in rats have shown that stress leads to an increase in serotonin release and this is dependent on tryptophan availability. 4 Northern blotting indicates that the ABCG1 gene is expressed in several tissues including the brain 5 and our preliminary, unpublished data from in situ hybridization suggest that it is expressed at a high level in important serotonergic areas in the brain. Tryptophan is a precursor of the neurotransmitter serotonin which has been implicated in the pathophysiology of mood disorders, including BP1. 6 Moreover, polymorphisms in the 3Ј UTR of ABCG1 have been shown to be associated with mood and panic disorders, albeit with only modest significance levels. 7 The ABCG1 gene has been mapped to chromosome 21q22.3. [8] [9] [10] Several studies have implicated this region in the etiology of BP. An initial positive linkage study 11 suggesting linkage of BP to 21q22.3, prompted several attempts at replication. Detera-Wadleigh and col-leagues 12 reported an excess of allele sharing among affected individuals at loci spanning the distal 21q. Smyth and colleagues 13 reported a multipoint LOD score of 1.29 with markers at ෂ2 cM telomeric to the ABCG1. A more recent study on 40 large pedigrees 14 supported these findings with a highest LOD score of 3.35 at D21S1260, which maps at ෂ3 cM centromeric to ABCG1.
ABCG1 is therefore a suitable positional and functional candidate gene for BP. We have sought to test the hypothesis that DNA sequence variants that alter the structure or expression of the ABCG1 gene are associated with BP. In order to do so, we screened the complete cDNA, flanking intronic sequences, and 700 bases of the 5Ј flanking region for sequence variation in 15 subjects with BP disorder. We then tested 13 polymorphisms for association with BP1 disorder in a sample of 110 parent-offspring trios.
Methods

Patients
We used a sample of 110 trios where the proband suffers with BP1 disorder. The families were collected in the South of England and Wales. A detailed description of the methods of collection and diagnosis of this sample is available elsewhere, 15, 16 but briefly all cases were interviewed by a psychiatrist using a structured interview, and consensus diagnosis was made according to the DSM-IV criteria by two psychiatrists on the basis of all available information, including hospital notes. Ethics Committee approval for genetic linkage and association studies was obtained in all local health authorities where patients were recruited. Patients were given information on these studies and signed an informed consent form.
Mutation detection
For mutation detection we screened a sample of 15 individuals who were selected on the basis of presentation with severe BP1 and a positive family history of BP. This was done in order to improve our chances of detecting mutations causing BP. The sample of 15 individuals gives us a 90% power to detect alleles with a frequency in BP subjects of 0.1, and a 78% power to detect alleles of 0.05. All 15 exons of the gene and 700 bases of the 5Ј flanking region were amplified using standard PCR conditions in 300-550 bp fragments. The fragments were analysed by DHPLC 17 on a WAVE DNA fragment analyser (Transgenomic, Santa Clara, CA, USA) using a protocol described in detail elsewhere. 18 Column temperature for DHPLC analysis was determined using DHPLCMelt software (http://insertion. stanford.edu/melt.html). To ensure maximum sensitivity, in addition to the temperature suggested by the software (n°C), each fragment was also run at n + 2°C. 18 Where fragments had multiple melt domains, they were run at more than two temperatures. Where DHPLC analysis suggested that a subject was heterozygous, the PCR products from that individual were sequenced in both directions to determine the nature of the polymorphism using the Big Dye Terminator Cycle Sequencing Kit (Perkin Elmer Applied Biosystems, Cheshire, UK) as described by the manufacturer.
Detection of new polymorphic repeats
In order to identify new polymorphic repeat markers, we used the programme 'Tandem repeats finder ', 19 http://c3.biomath.mssm.edu/trf.html. This programme identifies repeats ranging from one to 500 bp, including imperfect repeats. We designed fluorescently labelled primers flanking potential repeats and examined the products on an ABI 373 sequencer.
Genotyping
Repeat polymprhisms: Exon1 gcc, D21S1225 and UTR poly(T), were genotyped on an ABI 373 sequencer using standard PCR conditions and fluorescently labelled primers. The two VNTRs were genotyped on 2% agarose gels and visualised with ethidium bromide. SNPs were genotyped using primer extension on an ABI 373 (details of the method used have being submitted for publication but are available upon request). Primers were designed with the programme Primer 3. 20 
Statistical analysis
Preferential transmission of alleles from heterozygous parents to affected offspring was analysed by the transmission disequilibrium test (TDT). 21 For multiallele markers we used the likelihood-based Extended TDT (ETDT) which can perform the test for markers with multiple alleles, 22 with the implementation of a Monte Carlo approach (MCETDT) to evaluate the empirical significance levels of ETDT results (http://www. gene.ucl.ac.uk/ෂdcurtis). Preferential transmission of three-locus haplotypes was analysed with the programme Transmit, version 2.5, (http://www.hgmp.mrc. ac.uk/Registered/Option/transmit.html) written by David Clayton. In order to determine the extent of linkage disequilibrium (LD) between marker pairs, we used the programme Sim Walk2 (http://watson.hgen. pitt.edu/register). 23 The extent of LD between polymorphisms was estimated as the proportion of the maximum possible disequilibrium (DЈ) given the allele frequencies. 24 
Accession numbers
The novel SNPs which we genotyped individually have been submitted to HGBASE (http://hgbase. cgr.ki.se/) and their accession numbers are presented in Table 1 .
Results
All markers tested in this study are presented in Figure  1 and Table 1 . In addition, we also present the polymorphisms we identified but did not examine with individual genotyping. 
Novel polymorphic repeats
Using the 'Tandem repeats finder' software, 19 we identified the following new repeats (Table 1 ): In intron 2 of the gene, ෂ2.5 kb distal to the dinucleotide repeat D21S1225, we identified a 36-bp tandem repeat containing three or four copies of the consensus sequence ACTCTGATGAGGAGGGGACGGGGCACCAG GCAGCAG which is 93% conserved. We also found a gt repeat some 25 kb distal to D21S1225 in intron 2 (In2 gt). We did not genotype it individually (as we already had two markers within intron 2), but analysis of pooled samples from the trios 25 revealed no differences between cases and parents and showed that the marker had at least four alleles.
In intron 6 we identified a VNTR with the consensus sequence GCCTGGACAGTTGCGAAGTXCCCCCCGCCC AGATGAGTGGGGACCCCCCCACCTCTGTCCC (61 bp) which was 94% conserved. The motif was repeated 11 times in the reference sequence (Accession number AL163291) and started 1.2 kb after the 3Ј end of exon 6. Genotyping revealed the presence of 12 alleles of this VNTR (3-14 repeats of the 61-bp consensus sequence).
We identified a GCC trinucleotide repeat motif in exon 1 (5ЈUTR), close to the atg start codon. Although the reference sequence (AL163291) places it within the 5Ј flanking region, more recent work 10 shows that exon 1 extends 110 bp upstream from the ATG start codon, thus including the CGG repeat. We found a total of four alleles: GCC (6, 8, 10, 12) , with the 10-repeat allele most common (f = 0.84).
Novel SNPs
We identified a total of 13 SNPs by DHPLC. Two of these SNPs were already in the databases, including the A2457G in the 3ЈUTR, which was examined in the paper by Nakamura et al. 7 We place this SNP at 2424 when the A of the atg start codon is denoted as +1, while Nakamura et al 7 counted from the beginning of the cDNA sequence (Accession number NM 004915). None of the SNPs was within coding regions. We selected eight of these SNPs for individual genotyping (Table 1, Figure 1 ), while excluding five SNPs which were very close to the 576 + 139A Ͼ G (around exon 5), making them less likely to add any further information to the analysis.
Association analysis
We genotyped eight SNPs and five polymorphic repeats (Table 1, Figure 1 ) on a panel of 110 parentoffspring trios. Results were analysed with the ETDT (including Monte Carlo simulations for multiallele markers). The results are presented in Table 1 . Only the dinucleotide marker D21S1225 showed a trend for preferential transmission of alleles (P = 0.02, without correction for multiple testing). This was not due to the effect of any single allele, or a group of alleles with similar repeat numbers and so it appears more likely to be a false positive result. We also examined the rate of transmission of haplotypes from parents to affected offspring, using a sliding window of three-locus haplotypes. For this analysis we used only the data from SNPs in order to avoid the steep increase in the degrees of freedom introduced by polymorphic repeats. None of the haplotypes was preferentially transmitted at a conventional level of statistical significance, even with no correction for multiple testing.
LD results
LD between each pair of markers (expressed as DЈ) is presented in Figure 2 . Darker cells denote higher DЈ. Figure 4 presents the significance of LD between markers, as evaluated by −log 10 of the P-value, in relation to the distance. We show these trends for SNP/SNP pairs, SNP/ polymorphic repeats and polymorphic repeats pairs.
We found the same pattern of LD between the poly(T) and the A2424G polymorphism in the 3ЈUTR, as reported by Nakamura et al 7 in Japanese subjects, namely the G allele of the A2424G polymorphisms was on the same haplotypes as the T (14/15) alleles, while the A allele was on the same haplotype as the T (13) , but also with the rare T (16) which was not observed in Japanese subjects ( 2 = 314, 3 df, DЈ = 0.88).
Discussion
ABCG1 is a good functional and positional candidate gene for BP. We have screened the gene for mutations using 15 individuals with positive family history of BP and found no non-synonymous sequence changes. We did find a GCC polymorphic trinucleotide repeat in exon 1, two SNPs in the 5Ј flanking region, and one SNP in the 3ЈUTR. A poly(T) repeat and one of the SNPs in the 3ЈUTR have been reported before by Nakamura et al 7 and these authors found an association between these two markers and mood and panic disorders. We also observed a very weak trend for allele A to be preferentially transmitted to patients, but our result is not significant (P = 0.28). Alleles at the poly(T) repeat showed the same pattern of transmission, with a similar P-value, which is to be expected from the very high LD between the two markers which are only 153 bases apart (DЈ = 0.88). The study by Nakamura et al 7 observed a heterozygous odds ratio of 2.8 and a heterozygous odds ratio of 2.4 for A/G and AA genotypes but only in male patients. We examined the power of our sample to detect such an effect using the formulas given in the papers by Camp. 26,27 Using a dominant effect and a genotypic risk ratio of 2.6 (which most closely resembles the observations by Nakamura et al, 7 we estimate that our sample had an 80% power to detect such an effect at a significance level of P = 0.01, using a one-tail test. However, this level is reduced to only P = 0.1 if only male probands are considered, so our sample did not have sufficient power to detect a significant effect if it is present in males only, as suggested in Nakamura et al. 7 We analysed the data on the two polymorphisms separately for the two genders but the results did not reach significance.
It is possible that gene-gene interactions with other serotonergic genes could cause stratification effects, confounding our results. We have previously genotyped this sample for polymorphisms in two relevant genes: the tryptophan hydroxylase (TPH) which is the rate limiting enzyme of serotonin synthesis 28 and the serotonin transporter which re-uptakes serotonin from the synaptic cleft. 16 We stratified the results according to genotypes at the markers genotyped in these studies but this did not produce any significant results either (data not presented). We should point out, however, that this analysis leads to the construction of much smaller groups, leading to a substantial loss of power. Another study which examined the A2424G polymorphism, found no association with affective disorders or suicidal behaviour. 29 Our sample did not show association with suicidal behaviour either (data not presented). Nakamura et al 7 point out that the poly(T) repeat shows remarkable conservation over evolution (being present also in mouse and Drosophila), which suggests that it might be of functional significance possibly through an effect on transcription or RNA stability. The 3ЈUTR polymorphisms therefore probably warrant further study in other populations of patients with affective disorders, as well as for other behavioural traits and psychiatric syndromes.
Our remaining analysis of the gene does not point to any association with BP. A possible limitation of our study is the use of only familial cases for mutation detection. This could potentially miss polymorphisms operating in sporadic cases only, although our approach has 78% power of detecting alleles with a frequency of 0.05. However, the positive linkage results on 21q23.3 have resulted from analysis of multiply affected families. There is also the additional chance that undetected common functional polymorphisms would be in LD with one of the closely spaced markers that were genotyped, and so could have been detected through that approach. Each of the SNPs studied here was in strong LD with at least some of the other markers genotyped. However, this and other studies (discussed below), show that LD might be minimal even at extremely short physical distances and therefore LD studies do not definitively exclude the presence of a functional polymorphism.
Our results provide data about the extent of LD in this region of the genome. Theoretical work 30 suggests that studies have a good power to detect association with disease, provided DЈ is Ͼ0.6, and Kruglyak 31 estimates a figure which approximates to DЈ Ͼ0.33. In our study, values of DЈ greater than 0.6 were found to extend over distances of up to 20 kb for ෂ40% of marker pairs and infrequently even over distances of up to 60 kb. However, some of these DЈ values (eg those on the top right-hand corner on Figure 3 ) are for markers with a low frequency of the rare allele (0.02 and 0.09). Such SNPs are likely to be younger and therefore show LD over longer distances. Analysis of such markers causes however loss of power and requires larger sample sizes. If we consider LD between markers pairs on the basis of the P-values (Figure 4) , the results appear to favour markers which are more closely spaced: 70% of markers spaced at Ͻ15 kb produced Pvalues of Ͻ0.0001 (above the level of −log10 Ͼ 4 on Figure 4 ), indeed most of them producing values which were stronger by several orders of magnitude. While many marker pairs spaced at longer distances also produced significant results, the majority of them produced weaker P-values and therefore could miss potential association with disease alleles.
The preservation of LD over certain distances has implications for association studies in complex disorders. It is still not clear what should be the optimal distance for spacing markers. In a theoretical paper 31 Kruglyak argued that high LD will be present only for distances of Ͻ3 kb, requiring one SNP every 6 kb. The Apo e4 allele could be reliably detected only by some out of several SNPs over an area Ͻ16 kb around it. 32 A study of asthma used 13 SNPs in the coding region of a candidate gene on chromosome 16p12 and found little LD between SNPs separated by Ͼ24 kb. 33 It suggested that the full information can be extracted only after several SNPs in the same gene are tested. However, other papers have demonstrated the presence of useful LD over larger distances. 34, 35 LD is likely to vary according to the region in the genome and the population studied. Our results suggest that for the region studied in our work, useful LD extends over distances of up to 20 kb for the majority, but not for all marker pairs. This corresponds to the more conservative estimates of LD.
SNPs and SNP/repeats pairs showed similar strengths of LD, however, pairs of polymorphic repeats showed only modest LD (Figures 3 and 4) . There are conflicting views regarding comparisons of the relative usefulness of SNPs and microsatellites for LD studies of complex diseases. 36 The elevated microsatellite mutation rate will often result in a decrease in statistical power, however, if a disease-causing mutation has arisen on a chromosome that contains a newly created microsatellite allele, this will produce a strong association and an increase in power. The current study showed that SNPs were just as likely to be in LD with other SNPs, as with the polymorphic repeats that we examined (Figures 3 and 4) . As most disease causing variation is expected to be due to SNPs, then microsatellites might also prove useful in detecting association. However, SNPs are much more abundant and lend themselves more readily to automated genotyping.
The polymorphisms generated by our study will be useful in screening the gene in other neuropsychiatric disorders and behavioural phenotypes. Apart from the poly(T) repeat in the 3ЈUTR, the GCC repeat in exon 1 appears interesting for further investigation, because of its close proximity to the atg start codon, which could affect transcription.
